In this study, the performances of the heat transfer fins during the solidification processes of PCM and nano-PCMS(Al2O3 -CuO) were investigated. These two situations were considered for both with and without fins. Two different heat transfer fins were considered in the study. The investigation was carried out using both experimental (for Base-PCM) and numerical methods. The results showed that the effects of heat transfer fins were limited due to the overcooling effect of PCMs. The solidification process of Base-PCM in the heat storage tank ended in 10 minutes, while the solidification time of the PCM was determined as 11 minutes by using the Fin 1 design. The solidification process in the heat storage tank with nano-PCM (CuO) was realized in 13 minutes with the Fin 1 design.
Introduction
In the literature, there are many studies designed and examined for the solidification process of PCM in the TES. For example, heat transfer fluid was passed through a cylindrical cooler placed in a cylindrical heat storage tank. The solidification process of PCM which is in the liquid phase between the cooler and heat storage walls was investigated. The temperature and liquid mass fraction values of PCM were discussed in that study. In the study, corrugated heat transfer fins were designed to improve the solidification process of PCM [1] . When the studies in the literature are examined, it is seen that the most commonly used heat transfer fin type is rectangular. In one of those studies, rectangular heat transfer fins were used to accelerate the solidification time of a PCM in the liquid phase. By changing the placement of those fins in the heat reservoir, many parameters were considered during the solidification of the PCM. These parameters are temperature fields, current lines and solid fraction. All those values were taken into consideration in the solidification process of PCM based on time [2] . In many studies examined in the literature, it is seen that heat storage geometry is cylindrical. Innovative fins were designed to the solidification of PCM, which is in the liquid phase, in a cylindrical heat reservoir. Many parameters were considered examining the effects of those fins and PCM on the solidification process. Those parameters such as solidification time, temperature distribution, total solidification time were examined [3] . Many numerical methods are used to examine the solidification process of PCM. It is seen that different strategies are followed in those methods. Approaches such as the use of adaptive mesh structure and porosity evaluation of the surface between solid and liquid phase PCM are adopted. Using the adaptive mesh structure, contour of values such as the solidification process, total energy, solid fraction in a TES were formed and examined [4] . In some studies, the solidification process of PCM was examined by considering the heat storage design. In one of those studies, the solidification process of PCM in thermal energy storage, which is a triplex tube, was investigated [5] . The same researchers conducted a similar study to accelerate the melting time of PCM [6] . In a similar heat store, a study was carried out considering the natural convection occurring during the solidification process. In the study, the solidification process of PCM, which is in the liquid phase, between heat reservoir and heat transfer fins made from aluminum was examined. The parameters such as liquid fraction, minimum temperature value, average temperature value, which depend on time, were considered [7] . As mentioned before, it is emphasized that there are many studies on various heat transfer fin designs during the solidification process of PCM. In one of those studies, various analyses were carried out considering the variable thickness parameters of the heat transfer fins. In those analyses, parameters such as solidification time, solid fraction and temperature contour were examined [8] . In the fin designs studied so far, the heat transfer fins have a non-porous structure. Studies were conducted on the effects of heat transfer fins, which have a foam structure, on the solidification process of PCM [9] . In the last study discussed in the introduction part of the study, the effects of V shape heat transfer fins on the solidification process of PCM were investigated. The researchers examined the solidification process of PCM in the heat reservoir with a numerical study [10] .
In this study, the effects of heat transfer fins placed in the heat storage tank, which is rectangular geometry, on the solidification process of PCM were investigated. However, the effects of the fins designs on the solidification process of the PCM and nano-PCM were examined in this study.
Material and Methods
Two different heat transfer fins were considered. The effects of these designed fins on the solidification process of PCM were investigated. The effects of the designed Fin 1 are compared with the effects of the heat transfer Fin 2 placed throughout the heat reservoir, which are highly preferred in the literature, to the melting of the PCM. In this study, by adding nanoparticle particles to PCM, the thermophysical properties of paraffin wax were changed. The main purpose of nano-material adding into PCM is to obtain PCMs with poorer thermophysical properties. For this reason, many nano-PCM studies have been investigated and it is seen that mixing high amounts of nanomaterial with PCM has a bad effect on the heat storage property of PCM. The experimental study was used to determine the validation process of the numerical model. The solidification of PCM in the heat storage was experimentally carried out. The flow diagram of the experimental setup used in the experiments is shown in Fig. 1 .
Figure 1. Experimental setup
During the discharge process of the thermal energy in the heat reservoir, water was sent by a circulation pump. The heated water in the TES is sent back to the cold water tank before being sent to the heat storage tank. The desired water temperature value is provided again by the cooling system. In the experiment setup, the measured temperature values were transferred to the computer with a datalogger. The flow rate of the circulating water in the system is 2.5 kg/s. The flow rate is controlled by a flow meter. Detailed drawings and boundariy conditions of the test domain are shown in Fig. 2 .
Figure 2. Detailed drawings and boundariy conditions of the test domain
The figure shows the dimensions of the test domain. All dimensions are in millimeters. The cooler is rectangular and the refrigerant passes through this channel. There is PCM in the liquid phase in between the rectangular cooler and walls of the heat storage tank. The heat transfer fins considered in the scope of the study are shown in Fig. 3 . The Fin 2 design shown in Fig. 3 is the most widely used heat transfer fin-type in the literature.
The heat conductive coefficient of PCM used in the experiments was determined by using KD2pro device. PCM (paraffin wax) used in the study has a heat conduction coefficient of 0.3 W / m · K for the solid phase and 0.095 W / m · K for the liquid phase. The heat conduction coefficient was measured experimentally using KD2'pro instrument. The instruments used in all measurement applications were first calibrated and then necessary measurements were made. The error rate of the device used to determine the thermal conductivity value is 0.0287. The melting temperature of the paraffin wax varies between 52 and 55 °C. The viscosity and density of PCM used in the experiments were determined by the following equations. The density, the heat capacity, the viscosity, the thermal conductivity of the nano-PCMs are determined by using equations in Table 1 . Table 2 presents the density, specific heat capacity, thermal conductivity and viscosity values for base-PCM, Nano 1 -PCM (Paraffin Wax + Al2O3) and Nano 2 -PCM (Paraffin Wax + CuO). The table shows these properties for 25 °C (solid phase) and 70 °C (liquid phase). However, these values were calculated at 5 °C intervals between 25 °C and 85 °C and the boundary conditions were defined for these values in the program. 
The enthalpy of the phase change material is calculated by using Eq. (1) [14] .
h indicates the sum of the sensible enthalpy and LH is the latent heat.
where  , v  and S are density, fluid velocity and source term, respectively. ANSYS FLUENT solve numerically continuity, momentum and energy equations by meant the finite volume method. The SIMPLE algorithm uses a relationship between velocity and pressure corrections to enforce mass conservation and to obtain the pressure field [14] .
In this study, a rectangular cooler was placed in a rectangular heat tank. The PCM in the liquid phase was left to the volume remaining between the heat storage tank and the cooler. The solidification process of PCM in the liquid phase was investigated by passing cold water through the rectangular cooler. The numerical method was used in the analysis and the mesh structure of the geometry was formed. Illustrations of the mesh structures formed are shown in Fig. 4. Fig. 4 shows mesh structures of the special heat transfer Fin 1 designed, Base-PCM (without fin) and heat transfer Fin 2 which is preferred in the literature. It is seen that the formed mesh structures are homogeneous and have a smooth transition between the mesh structures. A suitable mesh structure for CFD analysis of the problem has been obtained with the optimization of these different element numbers and mesh models. The liquid fraction values obtained for the different mesh structures and element numbers are given in Fig. 5 .
Figure 5. Comparison of CFD models created according to different network structures and to liquid fraction values
The data obtained from numerical and experimental measurements were taken into consideration and validation of the numerical model was performed. In Fig. 6 , the temperature values obtained from numerical and experimental studies are compared with each other.
Figure 6. Comparison of temperature values of both experiment and numerical measurements
The results obtained from experimental and numerical analyses are very close to each other. This proves the reliability of the numerical model. The results obtained from the verification study of the numerical model show the accuracy of the method followed in the creation of the numerical model. Base_Al2O3, Base_CuO, Fin 1, Fin 2 ve Fin 1_CuO numerical models were created by using the same method.
Results and Discussion
The solidification of the PCM is important as well as the melting of the PCM. Many studies have been conducted examining the discharge process of thermal energy during the solidification process of PCM. In this study, the effects of the specially designed fin on the solidification process of Base-PCM and nano-PCM were investigated by numerical analysis. Heat storage tank (without fin) was considered for three different situations. These three different situations are Base-PCM, Base_Al2O3 and Base_CuO. Fig. 7 below shows the mass fraction obtained from the solidification process in the thermal energy storage in these three cases. The figure shows the time-varying mass fraction for Base-PCM and nano-PCMs. in Fig. 7 , the value 1 in the y-axis shows that the whole of PCM in the thermal heat store is in the liquid phase. 0 indicates that the whole of PCM is in the solid phase. The data obtained show that Base-PCM performed best. The solidification process was realized with Base-PCM in the shortest time. In the literature, it has been emphasized that the main purpose of using nano-PCM is to improve the thermophysical properties of PCM. The use of CuO at more than 1% causes negative effects on the thermophysical properties of PCMs [12] . In the solidification process, similar results were obtained in the literature. When the graph in Fig. 7 is examined, the worst solidification process is obtained with Base_CuO. In this study, numerical models have been formed and the solidification processes of Base-PCM, Fin 1 and Fin 2 were examined. The results are shown in Fig. 8 .
Figure 8. Time-dependent variation of the solidification process of PCM in thermal energy tanks with and without fins
As shown in Fig. 8 , the Fin 2 design performed best in solidifying paraffin wax. The absence of heat transfer fins in the Base PCM model increases the discharge time of the energy stored in the PCM. This relates to the area of the cooling surface during the transfer of heat. Heat transfer fins in the thermal energy discharge process of PCMs perform better because they increase the surface area of the cooling or heating surface. The worst in the solidification process was obtained with Fin 1. Fig. 9 shows the values for the solidification process in the cases of Base_CuO, Fin 1_CuO and Base-PCM.
Figure 9. Time-dependent variation of the solidification process of Base_CuO, Fin 1_CuO and Base-PCM
When the solidification processes in Fig. 9 were examined, Base-PCM showed the best performance. Solidification in Base-PCM ended in 10 minutes. Solidification times of Fin 1_CuO and Base_CuO are 13 minutes. The solidification process of PCMs refers to the process of discharging thermal energy. The absence of a heat transfer fins in the PCM model increases the discharge time of the thermal energy stored in the PCM. This complicates the discharge of energy from the PCM in regions away from the cooling surface. High concentrations of nano-PCM (CuO) have negative effects on cooling. The non-fin Base-PCM model performed better during the solidification process of the PCM. Although the Fin 1_CuO model had heat transfer fins, the solidification process took longer than the Base_PCM model in Fig. 9 . The energy stored as both sensible and latent heat is discharged during the solidification process of the PCM. As can be seen in many sources in the literature, it has been reported that overcooling occurs during the solidification process of PCM. As seen in this study, it was observed that PCM and nano_PCM solidified under the effects of overcooling in a very short period of time. The solidification process of Base-PCM, Base_CuO and Fin 1_CuO, which solidify in a very short period of time, on two different planes in the heat storage are shown in Fig. 10 . In parallel with the graph of Fig. 9 , the values in Fig. 10 are similar. It can be said that the heat transfer Fin 1 has no effect on the solidification process. In general, there is no significant difference between the best performing and the worst-performing models during the solidification process. The main reason for this is the effects of overcooling. This can be better illustrated in Fig. 11 .
Figure 11. Solidification time of all models
When the data obtained are examined, it is seen that the effects of the special heat transfer fins in the solidification process of PCM are limited. When the data on the solidification process in Fig. 11 is examined, the best solidification was obtained with Fin 2 at 8 min, while the worst solidification process was at 13 minutes with Base_CuO and Fin 1_CuO. As shown in Figure 12 . Temperature values at different point of the thermal energy storage The difference between the best and the worst is only 5 minutes due to the effects of overcooling. The data examined up to this part of the article is related to the discharge process of the latent heat of the PCM. Sensible heat discharge of PCMs is obtained by considering temperature graphs. Fig. 12 shows the temperature graphs of Base-PCM, Fin 1_CuO and Base_CuO. Fig. 12 shows the temperature values at different points within the thermal energy storage. There is almost no difference between the temperature values for all three cases. The discharge time of the sensible heat in the Thermal Energy Storage (TES) ended at about 40. Min. When parameters in Fig. 12 are considered, it is understood that there is no difference between the temperature values at different points in the TES. As with latent heat, the effects of overcooling can be seen during the discharge of sensible heat. As a result, Fin 1 has a limited effect on the solidification process of PCM and nano-PCM. This comment can be observed in the process that occurs during the discharge of both sensible and latent heat.
Conclusion
In this study, the effects of these fins on the solidification process of PCM were investigated. -The effect of Fin 1 on the solidification processes of PCM and 1% prepared nano-PCM (CuO) was very limited. -With the Fin 1 design, the solidification of the nano-PCM (CuO) was achieved in 13 minutes.
This process showed that the latent heat of nano-PCM with Fin 1 was discharged at 13 min, but the sensible energy of the nano_PCM with Fin 1 was discharged at 40 min. -The solidification process of Base-PCM ended in 11 min by using Fin 1. The solidification process of Base-PCM is 10 minutes. In view of these two conditions, the Fin 1 design has not a positive contribution to the solidification process of paraffin wax. -The findings show that the effects of heat transfer fins may be limited due to the overcooling effect of PCM and nano-PCM. However, it should be emphasized that this may also vary according to the size of the thermal heat store and the amount of PCM. 
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